This paper describes the characterization of dispersions of oleic-acid-coated magnetic iron particles by small-angle neutron and X-ray scattering (SANS and SAXS). Both oxidized and non-oxidized dilute samples were studied by SANS at different contrasts. The non-oxidized samples are found to consist of noninteracting superparamagnetic single dipolar particles, with a lognormal distribution of iron cores, surrounded by a surfactant shell, which is partially penetrated by solvent. This model is supported by SAXS measurements on the same dispersion. Small iron particles are expected to oxidize upon exposure to air. SANS was used to study the effect of this oxidation, both on single particles, as well as on interparticle interactions. It is found that on exposure to air, a nonmagnetic oxide layer is formed around the iron cores, which causes an increase of particle size. In addition, particles are found to aggregate upon oxidation, presumably because the surfactant density on the particle surfaces is decreased. research papers J. Appl. Cryst. (2004). 37, 847±856 Karen Butter et al. Magnetic iron particles 849 research papers J. Appl. Cryst. (2004). 37, 847±856 Karen Butter et al. Magnetic iron particles 855
Introduction
Dispersions of iron particles appear to be very suitable for studying the physical behaviour of ferro¯uids. Their synthesis from iron carbonyl compounds results in particles with low polydispersity, of which the particle size can be varied in a controlled way (Butter, 2003; Butter et al., 2003a; Papirer et al., 1982) . Variation of the iron core size, as well as the thickness of the surfactant layer (by using different types of surfactant) allows control of both the dipolar and isotropic interparticle interaction (Butter, 2003; Butter et al., 2003b; Grif®ths et al., 1979) . In this paper, the characterization of dispersions of iron particles coated with oleic acid using small-angle scattering is described. Dispersions kept under nitrogen atmosphere (to prevent oxidation of the particles), as well as oxidized dispersions were studied. Since the ferro¯uids are black, the use of light scattering is dif®cult due to strong absorbance of visible light. This problem is avoided using small-angle neutron and X-ray scattering (SANS and SAXS). An additional advantage of SANS is the possibility to study the magnetic properties of iron-based particles Spizzo et al., 2003) , since neutron scattering consists of both a nuclear and a magnetic part (see x2). In addition, contrast variation can be used to study different parts of a composite particle by controlled deuteration of the solvent. The theoretical section (x2) summarizes the most important background details concerning scattering, required to understand the experiments; for a more extensive description of SANS and SAXS see the references (Feigin & Svergun, 1987; Glatter & Kratky, 1982; Hayter, 1991; Wiedenmann, 2001) . xx3 and 4 describe the scattering experiments and two models that were used to ®t the scattering data. In x5, the results are discussed and compared with other experiments on the same dispersions.
Theory

Scattering
The scattering from a dilute dispersion of monodisperse spherical colloids (where particle interactions are assumed to be negligible) as a function of the scattering direction is given by
with N p the number of scattering particles and K a constant, depending on the experimental setup. F(q) is the total scattering amplitude of a single particle,
Ár expi q Á r drY 2 which integrates all coherent scattering contributions within the particle of volume V p weighted by their phase shifts expi q Á r, with r the position vector within the particle and q the scattering vector with magnitude:
Here, ! is the wavelength of the scattered radiation (equal to that of the incoming beam) and the scattering angle between the incident and scattered waves. The local scattering amplitude is quanti®ed as the local scattering length density difference Á(r) with respect to the (homogeneous) solvent scattering length density s . (Á is also referred to as contrast'.) For spherically symmetric core±shell particles with core radius a 1 with Á = Á 1 and a shell with thickness (a 2 À a 1 ) and Á = Á 2 , the total scattering amplitude of a single particle is given by Á 2 sin qr qr 4%r 2 dr 4% q 3 Á 1 gqa 1 Á 2 gqa 2 À gqa 1 È É 4
with gx sin x À x cos xX
Note that for a homogeneous spherical particle, F(q) is given by only the ®rst term in equation (4), while the equation can be easily extended to particles with multiple shells. In the case of polydisperse particles, the square of the total scattering amplitude |F(q)| 2 in equation (1) has to be averaged with the weight given by their size distribution.
For small values of q, the Guinier approximation is valid, by which the radius of gyration R g can be derived from the slope of a plot of the logarithm of the intensity against q 2 :
For a spherical particle, the radius of gyration is de®ned as follows: which is equal to 3 5 a 2 for a homogeneous sphere of radius a. For polydisperse systems, the particle radius as determined from the Guinier plot, a G , overestimates the average particle radius, since the larger particles have a higher weight in the scattering intensity I(q) G a 6 . The effective value of the radius of gyration is then given by R 2 g = (ha 8 i/ha 6 i) (Glatter & Kratky, 1982) , where the angular brackets denote the averaging over the particle size distribution P(a). For a narrow width of the size distribution, the apparent radius derived from the scattering at low q can be corrected for the relative polydispersity ', according to (Dhont, 1996) 
where a G is the measured radius and ha G i is the number average Guinier radius:
Equation (7) is derived from the more general equation valid for narrow size distributions (de Kruif et al., 1988) :
X-rays and neutrons are scattered by electrons and atomic nuclei present in the sample, respectively. Due to the small wavelengths (<1 nm), the information from scattering of colloidal particles will be found at small angles.
Small-angle neutron scattering
Neutron scattering from magnetic nanoparticles is caused both by direct interactions of neutrons with the nuclei of atoms within the particles and by interactions between the spins of the neutrons and those of the unpaired electrons in the magnetic particles. This results in two types of neutron scattering: magnetic (M) and nuclear (N). The corresponding scattering amplitudes F N and F M for nuclear and magnetic scattering are given by equation (2) with respectively Á = N À s and Á = M . Normal contrast variation only varies s , but here we will also vary the contrast by using differently polarized neutrons.
Since only those components of the magnetization M of the sample perpendicular to q are effective in magnetic neutron scattering (Hayter, 1991; Pynn, 1992) , this leads to a magnetic scattering intensity which depends on the angle between q and M. When the particles are completely aligned in an external ®eld H, the intensity in the case of unpolarized neutrons is (Wiedenmann, 2000) :
giving an anisotropic scattering pattern. The so-called SANSPOL technique makes use of polarized neutrons by sending them through a polarizer. With a spinipper, the polarization direction of the incoming beam can be chosen to be up (+) or down (À). In this case, four scattering processes have to be distinguished, two for conserving the polarization direction (non-spin-¯ip, ++ and ÀÀ) and two where the polarization is reversed (spin-¯ip, +À and À+). With SANSPOL, the polarization direction after scattering is not analysed; the intensity collected in the detector contains both spin-¯ip and non-spin-¯ip contributions and depends on the spin polarization of the incoming neutrons. The respective intensities at high ®eld are given by (Wiedenmann, 2000) 
Note that the average of I and I À (for non-polarized neutrons) results again in equation (10). At lower magnetic ®elds, the situation is more complicated since the magnetic moments are no longer completely aligned and their orientation distribution (for non-interacting superparamagnetic particles) follows Langevin statistics (Pynn, 1992; Wiedenmann, 2001) . The net alignment of particles in the ®eld direction is given by
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with " 0 the magnetic permeability in vacuum and kT the thermal energy. In this case, the intensities I and I À are given by (Wiedenmann, 2001) :
For the case of complete alignment [L(x 3 I) = 1], equation (11) is again obtained. In the limit of zero applied ®eld (x 3 0), L(x)/x 3 1/3 and the scattering intensity I = I À = F 2 N + 2/3F 2 M does not depend on neutron spin polarization and . As is clear from the above equations (14), L(x) can be derived by subtraction of I À and I for a certain ®eld value (Wiedenmann, 2001) :
Using SANS has the advantage that information about both the`nuclear' and the`magnetic' behaviour of particles can be extracted. In this case it is of course necessary to apply a magnetic ®eld to the sample, which might change the particle structure. For polarized neutrons, the two independent scattering patterns for both polarization states are ®tted for all q values to the sin 2 dependency as in equation (11). From the resulting ®ts, the scattering intensity is calculated for = %/ 2(q c H):
Thus, SANSPOL provides an additional method of contrast variation (apart from contrast variation by deuterating the solvent) where the total scattering length density of the (magnetic) core for the different polarization states can be given by N + M for (À) and N À M for (+), as is employed in Fig. 3 (discussed later). Of course, no magnetic scattering contribution is present for the solvent and non-magnetic parts of the particles, resulting in equal scattering length densities for both the (À) and the (+) polarization states. Another important advantage of polarized neutrons is that due to the presence of the mixing term of both nuclear and magnetic scattering in equation (11), the actual scattering of a composite particle (e.g. with a core±shell structure) is measured, whereas measurements with unpolarized neutrons only result in separate magnetic and nuclear size distributions.
Small-angle X-ray scattering
For SAXS measurements, one can use synchrotron radiation, which is emitted by electrons circulating in a storage ring (Glatter & Kratky, 1982) . Although the effect of magnetic order on X-ray scattering is too weak to enable direct access to magnetic properties of the colloidal particles, the SAXS technique has several advantages. The synchrotron X-rays are produced with a much more narrow spectral width (Á!/! 9 5 Â 10 À4 for X-rays versus about 10% for neutrons used for SANS) as a result of the double-crystal monochromator used for SAXS (Borsboom et al., 1998) . Moreover, synchrotron X-rays can be much better collimated thanks to the very small size of the electron beam and a large sample±detector distance. As a result of these factors, the reciprocal-space resolution Áq/q is typically a few percent for SAXS, mostly limited by the resolution of the detector, while the poorer resolution of SANS may result in a larger apparent polydispersity of the particles. In addition, the high intensity of the synchrotron X-ray beam permits much faster acquisition of scattering data.
Experimental
Synthesis and characterization of ferrofluid
The iron dispersion OA3 was synthesized under nitrogen atmosphere by thermal decomposition (at 443 K) of Fe(CO) 5 in decalin in the presence of oleic acid as described by Butter (2003) and Butter et al. (2004c) . The resulting black dispersion was always stored and handled under nitrogen atmosphere to prevent oxidation of the particles. Part of dispersion OA3 was exposed to air for two days and is further coded as dispersion OA3ox. For further details about the synthesis and characterization the reader is referred to Butter (2003) and Butter et al. (2004) (system code OA3).
Small-angle neutron scattering
Samples for SANS measurements were prepared in a glovebox under nitrogen atmosphere in¯at circular quartz cells (Hellma, thickness 0.1 cm). Diluted samples were prepared from the stock dispersion OA3 by adding decalin and/or deuterated decalin to vary the contrast of particles. Sample cells, closed with a cap, were tested to be airtight. Oxidized samples were also prepared in the glovebox (to keep the same level of oxidation for all samples) from the stock dispersion OA3ox.
Measurements were performed at the Berlin Neutron Scattering Centre (BENSC) at the instrument V4 using polarized neutrons (SANSPOL) (Keiderling & Wiedenmann, 1995; Keller et al., 2000) at a wavelength of 0.605 nm with a beam diameter of 16 mm. A schematic setup for measuring SANS can be found at the BENSC instrumentation website (http://www.hmi.de/bensc/instrumentation/instrumente/v4/ v4.html). For the SANS instrument V4 installed at the HMI reactor Ber II, the spread in wavelength is rather large (Á!/! 9 10%) (Keller et al., 2000) . Because neutrons at BENSC are produced in a cold source, a relatively high wavelength can be selected, which has the advantage that the scattering angles are not too small (and consequently the sample±detector distance is not too large). Measurements were performed at three different sample±detector distances (1, 4 and 12 m), resulting in a total accessible q range of 0.04 to 3.3 nm À1 . The samples were placed between the poles of a strong magnet with the homogeneous magnetic ®eld (up to 1.1 Tesla) in the horizontal direction perpendicular to the beam. Unless stated otherwise, all measurements were performed at maximum ®eld intensity. The neutrons were collected by an 3 He detector of 64 Â 64 elements of 10 Â 10 mm. Measurements were performed on series of different contrasts of dilute samples, both for non-oxidized ($6.5 times dilution of OA3) and oxidized particles ($3.3 times dilution of OA3ox). In addition, the non-oxidized stock dispersion and a dilute dispersion were measured under different magnetic ®eld strengths.
Two-dimensional data were corrected for transmission and for background and empty-cell scattering. The sensitivity of individual detector pixels was normalized by comparison with the isotropic scattering of water. The scattering patterns for both polarization states were ®tted separately to the sin 2 ®t [as in equation (11)] for all q values. Of the resulting ®ts, the scattering intensity was calculated for = %/2 (for q c H). The curves resulting for the three different sample±detector distances were merged to one curve. Scattering curves were ®tted using least-square model ®tting computer programs, FISH (Heenan, 1998) and SASFIT (Kohlbrecher, 2000) .
Small-angle X-ray scattering
SAXS samples were prepared in a glovebox in¯at glass capillaries (Vitrocom, internal thickness 1 mm) that were closed with epoxy glue. Measurements were performed at the Dutch±Belgian Beamline (DUBBLE) (Borsboom et al., 1998; Bras, 1998) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The wavelength of the X-ray beam of 0.13 nm (9.5 keV, Á!/! 9 5 Â 10 À4 ) and a sample± detector distance of 1.9 m, resulted in a q range of 0.15± 3.2 nm À1 . The scattering was collected on a two-dimensional multiwire gas-®lled detector, with an area of 13 Â 13 cm, containing 512 Â 512 pixels.
Two-dimensional data were corrected for transmission, detector sensitivity and background scattering. The twodimensional patterns were radially averaged.
Results
Synthesis and characterization of ferrofluid
The synthesis resulted in a black dispersion that could be manipulated by the ®eld gradient of a small permanent magnet. An electron microscopy picture of the particles is given in Fig. 1 . The layer of oleic acid around the particles is invisible on the micrograph. From separate Mo È ssbauer measurements (Butter, 2003; Butter et al., 2004; Goossens et al., 2002) , it was found that the particle cores consist of Fe 0.75 C 0.25 . Upon exposure to air, the particles oxidize, as found by a decrease of the magnetic susceptibility with time. On electron microscopy pictures of oxidized particles (not shown), a layer around a core with different intensity is observed, indicating that an iron oxide layer is formed at the surface of the particles. Characterization of the ferro¯uid with various techniques is summarized in with ha core i Pa core a core da core Y presented in Fig. 3 . For small values, ' is equal to the relative polydispersity of a core :
' 2 ha 2 core i À ha core i 2 À Á aha core i 2 X 18
The scattering length density variation shown in Fig. 3 ² Average particle radius measured from TEM micrographs. ³ Magnetic particle radius, determined by magnetization measurements (see Fig. 8 ) using a literature value for m s of Fe 3 C (1.49 Â 10 6 Am À1 ). § Estimated volume fraction of iron, from elemental analysis of stock dispersion OA3. The value for oxidized particles is calculated assuming that the volume fractions of OA3 and OA3ox are equal (increase of particle size upon oxidation is neglected).
region of the oleic acid shell. Without this feature, the scattering curves could not be ®tted consistently. The partial penetration resulted in a homogeneous scattering length density of the surfactant layer in between those of oleic acid and the solvent (see Table 2 and Fig. 3 ). Note that we used equal parameters (Table 2) in our model, to ®t the entire set of data for various contrasts and spin con®gurations (except for a slight difference in the volume fraction for samples at different contrasts, which can arise from small experimental errors in the concentration). Fig. 4 shows that the SANS Guinier curve for a dilute sample of non-oxidized particles is nearly straight and from the slope a radius of gyration R g of 2.9 nm is calculated, corresponding to a particle core radius a G of 3.8 nm.
The curves of the oxidized particles could not be ®tted with one distribution for the whole q range, since the intensity strongly increases at low q (Fig. 5) . At higher q (> 0.25 nm À1 ) curves could be reasonably well ®tted with a core±2shell model with a lognormal distribution of the core size, and again a partial penetration of solvent in the oleic acid shell. Here, we used the same contrasts as for the non-oxidized samples for the core and the oleic acid layer and a different contrast to account for an extra iron oxide layer around the core (Figs. 5 and 6). Again, we used equal model parameters for the entire data set. An additional contribution of aggregates was needed (a) Core±shell model used to ®t SANS curves for dispersion OA3. The dotted lines indicate the average scattering length densities of the surfactant layer (partially penetrated by solvent) for the various amounts of deuteration of the solvent. The fraction of solvent penetrated in the surfactant shell is given by the factor x (about 0.6, see Table 2 ). The scattering length density of the surfactant shell is an average of oleic acid and solvent and is given by N (shell) = (1 À x)0.08 (cm À2 ) + x s . For the (À) curves, the magnetic and nuclear scattering length densities were added, while for the (+) curves, the magnetic scattering length density was subtracted from the nuclear scattering length density. (b) Distribution of the core radius as used in our model.
Figure 2
SANS scattering curves of dispersion OA3 for different compositions of the solvent (the volume percentage of deuterated decalin is indicated). Both the curves measured with spin up (+) and spin down (À) are shown. The solid curves are ®ts according to a core±shell model with partial penetration of solvent in the surfactant shell. The ®tting parameters can be found in Table 2. to ®t the curves well for the whole q range. However, this ®t contribution very much depends on the exact parameters chosen and we have no information about the exact size, shape and distribution of the aggregates from other techniques. It appeared that the scattering intensity at lower q values could be properly ®tted by an additional contribution of larger polydisperse particles (a = 8.3 nm, lognormal distribution with ' = 0.52), which practically does not in¯uence the intensity at higher q values. This point will be discussed further in x5.
The Guinier plot of oxidized particles (Fig. 7) shows a strong steep upturn at low q, indicating the presence of aggregates. However, at slightly higher q values, the dispersion displays clearly Guinier behaviour with a radius of gyration of 3.2 nm, while it is calculated to be 3.1 nm from equation (6), using the ®tting parameters of the core±2shell model.
Langevin behaviour.
The Langevin behaviour of the non-oxidized particles as a function of magnetic ®eld is calculated using equation (15) ( Fig. 8 ). Both curves [from the stock dispersion OA3 and a dilute dispersion (88% deuterated)] are very similar to the normalized magnetization curve of the same stock dispersion, which can be ®tted properly to the Langevin function, resulting in a particle dipole moment of Table 2 Fitting parameters for SANS curves of dilute dispersions OA3 and OA3ox.
OA3 OA3ox
ha core i (nm)² 3.48 2.74 dR shellA (nm)³ ± 1.37 dR shellB (nm)³ 2.08 2.08 N (core) (10 10 cm À2 ) § 7.92 7.92 N (shellA) (10 10 cm À2 ) § ± 7.29 N (shellB) (10 10 cm À2 ) § 0.08 (without solvent penetration) 0.08 (without solvent penetration 0.01 (0% D)} 0.02 (0% D)} 1.27 (28% D)} 1.05 (25% D)} 2.61 (58% D)} 2.02 (50% D)} 3.88 (88% D)} 3.05 (75% D)} M (10 10 cm À2 )²² 
Figure 5
SANS scattering curves of dispersion OA3ox for different compositions of the solvent (the volume percentage of deuterated decalin is indicated). Both the curves measured with spin up (+) and spin down (À) are shown. The solid curves are ®ts according to a core±2shell model with partial penetration of solvent in the surfactant shell. The experimental data were only ®tted for q > 0.25 nm À1 (on the right side of the dotted lines). The ®tting parameters can be found in Table 2 .
Figure 4
Guinier plot from SANS measurements on dilute dispersion OA3 in 0% deuterated decalin.
2.24 Â 10 À19 Am 2 corresponding to a particle radius of 3.3 nm (using a value of 1.49 Â 10 6 Am À1 for the saturation magnetization of amorphous Fe 0.75 C 0.25 ; see Table 1 ). This point will be discussed further in x5. It must be noted that the magnetization curve is much more accurate than the results from SANS, and it consists of many more measuring points. The good agreement between SANSPOL and magnetization results for both the stock and dilute dispersion again indicates the absence of aggregates in the non-oxidized samples.
Small-angle X-ray scattering
SAXS curves of dilute samples of OA3 only show scattering from the iron cores, since the contrast of the oleic acid layer compared to the solvent can be neglected. Fig. 9 shows a curve of a dilute dispersion (50 times more dilute compared with the stock dispersion) that can be ®tted reasonably well with the same particle radius as for the SANS curves (Table 2 ) and a slightly smaller polydispersity (' = 0.14 instead of 0.17). Since for SAXS no absolute intensities are measured, the contrast and particle concentration cannot be compared to the values found for SANS. The radius of gyration found from the SAXS curve is 3.0 nm, corresponding to a Guinier particle radius of 3.9 nm.
Discussion
Non-oxidized ferrofluids
The parameters for the particle radius and volume fraction used for ®tting the SANS curves of the non-oxidized samples agree well with information from other techniques (see Tables  1 and 2 ). The polydispersity found from SANS (17%, Guinier plot from SANS measurements on dilute dispersion OA3ox in 0% deuterated decalin.
Figure 8
Langevin curves for dispersion OA3: (squares) SANS measurements on stock dispersion, (circles) SANS measurements on dilute dispersion (88% deuterated decalin), (crosses) magnetization curve of stock dispersion.
(7%, Table 1 ). The apparent polydispersity can be partly caused by smearing of the scattering pattern due to the large distribution in the wavelength of neutrons (Áq/q 9 Á!/! 9 10%). The SAXS data suggest a somewhat smaller polydispersity (14%), although still much larger than found from TEM. In spite of the much narrower spectral width (Á!/! 9 10 À4 ) of X-rays, which does not limit the resolution Áq/q, other factors like the ®nite detector resolution and the ®nite transverse coherence length (Petukhov et al., 2002) restrict the actual resolution Áq/q to a few percent. Thus, although the resolution in SAXS measurements is better than for SANS, it is also limited and SAXS may overestimate the polydispersity as well. On the other hand, TEM is probably less sensitive for smaller particles, which are sometimes neglected when determining the average particle radius, resulting in a slight underestimation of the polydispersity.
The particle radii found from both Guinier plots (respectively 3.8 and 3.9 nm for SANS and SAXS) are somewhat larger than the average particle radius used in our model. However, these values should be corrected for polydispersity (0.14 from SAXS) using equation (7) to obtain the average radii. This results in particle radii of 3.4 nm and 3.5 nm for SANS and SAXS respectively, both very close to the value of 3.48 nm from the model. The thickness of the oleic acid layer (2.08 nm) used in our model is in agreement with the value that is normally used in the literature for other oleic-acidcoated ferro¯uids (van Ewijk et al., 2002; Wiedenmann, 2002) . In our model, the fraction x of solvent penetration into the oleic acid shell (taking the theoretical value of 0.08 Â 10 10 cm À2 for the scattering length density of pure oleic acid) was found to be 0.62. Note that other authors did not ®nd a partial penetration of solvent in the C 21 H 39 NO 3 surfactant layers of cobalt particles (Wiedenmann, 2000 (Wiedenmann, , 2001 . From our ®ts it appeared that an equal fraction of solvent throughout the whole surfactant layer is a better model than a linear gradient of solvent penetration, where the fraction of solvent is larger at the outside of the surfactant layer. From the fraction of solvent penetration x in the surfactant shell, a rough estimation of the fraction of core surface coverage 9 by oleic acid of 0.66 can be made, using the core radius a core (3.48 nm) and thickness of the oleic acid layer L (2.08 nm) as found from the model, and assuming that the surfactant molecules are straight cylinders:
With a cylinder radius equal to an aliphatic CÐH bond length of about 1.5 A Ê , the value corresponds to a packing density of about 2.3 oleic acid molecules per nm 2 , which is signi®cantly lower than is found for oleic-acid-coated magnetite particles [$3.6 nm À2 (van Ewijk et al., 1999) ]. The nuclear scattering length density of the core found in the model (7.9 Â 10 10 cm À2 ) lies slightly lower than the theoretical value for pure iron [8.1 Â 10 10 cm À2 (Shen et al., 2001) ] and lower than the value for Fe 0.75 C 0.25 , estimated to be 8.9 Â 10 10 cm À2 using a density of 7.58 g ml À1 (Bauer-Grosse & Cae È r, 1987). It should be noted that this last value may not be very accurate, since our particles consist of amorphous material, for which the carbon content and the density could only be estimated (Goossens et al., 2002) . The magnetic scattering length density from our model (1.49 Â 10 10 cm À2 ) is signi®cantly lower than for -iron [4.6 Â 10 10 cm À2 (Shen et al., 2001) ], which is surprising. For our particles, where the nuclear scattering length density is 7.9/8.9 = 0.888 times lower than the theoretical value for Fe 3 C and the magnetic scattering length is 1.49/4.6 times lower than for -iron, the saturation magnetization can be calculated to be 1.49/(0.888 Â 4.6) = 0.36 times the value for -iron [1.71 Â 10 6 Am À1 (Jiles, 1995) ], resulting in a value of 0.62 Â 10 6 Am À1 . This value is much smaller than the literature value for Fe 3 C (1.49 Â 10 6 Am À1 ) that was used to calculate the magnetic particle radius a M in Table 1 from the average magnetic moment obtained from the Langevin curve. Using the calculated value of m s = 0.62 Â 10 6 Am À1 to determine a M instead, a larger radius of 4.4 nm is obtained. For polydisperse particles, the value obtained for a M from a Langevin curve is somewhat higher than the number average value ha M i, since it equals (ha 6 M i/a 3 M i) 1/3 (Berkovski & Bashtovoy, 1996) . After correction for polydispersity (using equation (9) with ' = 0.14, from SAXS) a value for ha M i of 4.0 nm is obtained. Unexpectedly, this radius is larger than the radius found from our ®tting model (3.48 nm), while usually the magnetic radius is somewhat smaller than the physical radius owing to the presence of a non-magnetic surface layer (Rosensweig, 1985; Lembke et al., 1999) .
Although the ®ts for non-interacting particles agree fairly well with our experimental data, some effect of the magnetic ®eld on the particle structure was observed in SAXS measurements on dilute samples of the same concentration as used for SANS, showing a different intensity in the horizontal and vertical direction at low q (<0.45 nm À1 , up to about 25% difference at the lowest q value of 0.15 nm À1 ). However, this effect does not seem to be very strong, as the particles show Langevin behaviour of single-domain non-interacting dipoles SAXS curve of dilute dispersion OA3. The solid curve is a ®t, using the same core radius and a slightly lower polydispersity (0.14) as for the model in Fig. 3. ( Fig. 8 ), from which a particle size was determined (4.0 nm) that still corresponds reasonably well with that of single particles.
Oxidized ferrofluids
When the same particles are exposed to air, an oxidized layer is formed at the surface of particles of approximately 1.4 nm. The total particle size (core + oxide shell = 4.1 nm) is signi®cantly larger than for the non-oxidized core (3.5 nm), most probably because the density of the oxidized layer is lower than before oxidation. Increase of the particle size upon oxidation was also found from separate SAXS measurements on a similar dispersion and from measurements of particle sizes on TEM micrographs (Butter, 2003; Butter et al., 2004) . From the ®t parameters of the oxidized and non-oxidized particles, it can be calculated that the volume of the oxidized layer has increased by a factor of 2.3 due to oxidation. This is in reasonable agreement with what is expected for conventional iron oxides (e.g. a factor of 2.1 for transforming Fe into Fe 3 O 4 ). As expected, the scattering contrast of the oxide layer is somewhat lower than for non-oxidized iron (see Table 2 ). In addition, no magnetic scattering is present from the oxide layer, indicating that a non-ferromagnetic oxide has been formed. This is in agreement with measurements on similar dispersions of the magnetic susceptibility upon oxidation, showing such a large decrease with time, that formation of a magnetic oxide is not very plausible (Butter, 2003; Butter et al., 2004) .
There are important indications that oxidation decreases the colloidal stability of the particles. As mentioned earlier, the scattering curves for oxidized dispersions could not be ®tted properly at low q values without an additional contribution of clusters, since all curves showed a steep upturn in this region (Fig. 5 , left side of dotted line), which is a clear sign of aggregates. Also, the Guinier plot for the oxidized system is extremely steep at low q values (Fig. 7) , giving a radius of gyration of many times the single particle value. However, the radius of gyration of single particles can still be determined from a Guinier ®t at slightly higher q values (Fig. 7) ; this R g (3.2 nm) corresponds well with the value that is expected from the ®tting parameters for the oxidized particles [3.1 nm, using equation (6)]. Presumably, the decrease in surfactant density (scaling with a À2 , in our case with a factor of 1.4) due to increase of the particle radius upon oxidation, destabilizes some particles, resulting in aggregation. Whereas the scattering curves (Fig. 5 ) at higher q values (> 0.25 nm À1 ) can be ®tted with a model of single core±2shell particles (see x4), an additional contribution of aggregates is needed to ®t the curves well for the entire q range.
A contribution of spherical aggregates (a = 8.3 nm, lognormal distribution with ' = 0.52) of a homogeneous scattering length density ®ts our data at lower q range reasonably well, without affecting the ®t at higher q values. Since the ®tting values for 9 and of the aggregates are dependent on each other and are not known from other techniques, it is not possible to obtain information about the composition and concentration of the aggregates. Concerning this it should be mentioned that the volume fraction of single particles in the model we used for oxidized particles (for q > 0.25 nm À1 ) is signi®cantly smaller than is expected from the value for elemental analysis (Table 1) . Note that this is partly due to the fact that in our model solely the size of the nonoxidized cores is incorporated in the value for 9. From the discrepancy left after correction of 9 for the above effect (with approximately a factor of 2), one could theoretically derive the volume fraction of aggregates in the oxidized dispersion, assuming that the total volume fraction of aggregates and single particles is equal to the value derived from elemental analysis. However, for our ®tting contribution of spherical aggregates (q < 0.25 nm À1 ), this then yields a value for ($1.5 Â 10 10 cm À2 ) that is much lower than would be expected from aggregates of iron particles coated with oleic acid. Probably, larger aggregates that sedimented to the bottom of the container were also present in the dispersion of oxidized particles, resulting in an apparently lower concentration from the SANS measurements.
Apart from a contribution of homogeneous spherical aggregates, the scattering at low q values could also result from the presence of fractal aggregates, where the average scattering length density of the cluster decreases from the centre to the edge of the cluster. From the decay of the scattered intensity, which follows a power law as $q Àn with n 9 1.7±2, a fractal dimension of clusters of about 1.7±2 could be derived. It must be stressed here that various models for contributions of aggregates could be used to ®t our data. From the scattering curves only, it will not be possible to ®nd a unique model for the aggregates present in the sample. However, despite the fact that the exact composition, shape and concentration of clusters cannot be derived from the curves, it is clear that the contribution of aggregates does not in¯uence the ®ts at higher q values, indicating that the scattering curves can be treated as consisting of two separate parts; at high q the scattering results from single core±2shell particles, whereas the intensity at lower q arises from scattering of aggregates.
Conclusions
The internal structure of oleic-acid-coated iron particles in ferro¯uids was derived by SANS and SAXS measurements. Our particles can be modelled by non-interacting core±shell particles with a lognormal distribution of the iron cores and partial penetration of the surfactant shell by the solvent. The particle sizes, volume fraction of particles and scattering length densities correspond well with those expected from theory and other experimental techniques. On the basis of our model, the packing density of oleic acid on the particle surface was estimated to be 2.3 molecules nm À2 . Accurate ®tting of the data with our model shows that the dilute ferro¯uids consist of superparamagnetic dipoles, where interparticle interaction is negligible. This picture is con®rmed by the Langevin behaviour of the particles, as found from both SANS and magnetization measurements. Unexpectedly, the value found from SANS for the saturation magnetization of our particles was found to be signi®cantly lower than the literature value for Fe 3 C. However, this ®nding should be considered with some reservation since it results in a magnetic particle size that is somewhat larger than the physical particle size found from scattering. Upon exposure to air, particles are found to oxidize. This results in a non-magnetic oxidized layer around the particles, which causes the total particle radius to increase due to decrease of the mass density. Particles do not oxidize completely, since a non-oxidized core still exists, probably due to the passivating iron oxide layer. Oxidation also causes aggregation of the particles, presumably because of decrease of the surfactant density at the particle surface. Although it is not possible to ®nd a unique model describing the exact size, shape and composition of the aggregates, SANS curves of dispersions of oxidized particles could be treated as consisting of two separate parts, which could be ®tted by a core±2shell model of single particles (q > 0.25 nm À1 ), including a contribution of aggregates (q < 0.25 nm À1 ).
